Introduction
============

The ability of the brain to process and store information requires the assembly of neurons into complex circuits. This process depends on appropriate guidance of axons to distant targets. Although significant progress has been made regarding the identification of signaling systems controlling long-range axon guidance ([@bib39]), the molecular and cellular mechanisms controlling axon--axon interactions between neuronal populations at guidance choice points in vivo remain largely unknown. To address the molecular mechanisms controlling the establishment of complex axonal assemblies, we used the *Drosophila* mushroom bodies (MBs), a bilaterally symmetric central brain structure essential for olfactory learning and memory, as a model system ([@bib14]). The MBs are composed of ∼2,000 Kenyon cells (KCs; [@bib31]) derived from four neuroblasts (NBs) that in a sequential manner give rise to three genetically, anatomically, and functionally distinct subpopulations (γ, α′β′, and αβ neurons; [@bib12]; [@bib43]; [@bib40]; [@bib62]). During embryonic and early larval development, axons of γ neurons fasciculate into a single bundle below the MB calyx and project via the pedunculus, the major axonal MB tract, to the anterior brain, where they branch into medial and vertical lobes. During late larval stages, α′β′ axons are born ([@bib42]) that form a subtype-specific fascicle and intercalate at the center of the pedunculus in between γ axons ([@bib41]). At the end of the pedunculus (pedunculus divide), the axons branch to form medial and vertical lobes in close proximity to γ lobes. Finally, at early pupal stages, axons of αβ neurons intercalate in between α′β′ neurons, thereby forming a third concentric axonal layer within the pedunculus ([@bib41]) and vertical and medial lobes next to α′β′ lobes in the anterior brain ([Fig. 1 A](#fig1){ref-type="fig"}). Thus, MB axons of different identity form highly associated but strictly segregated axonal layers and lobes. The importance of the anatomical segregation is reflected by the functional disparity and unique requirements of γ, α′β′, and αβ neurons for olfactory memory acquisition, storage, and retrieval ([@bib40]; [@bib6]; [@bib62]; [@bib51]). Similarly, during establishment of complex neuronal circuitry in vertebrates, axons of different identity and function are known to interact ([@bib21]; [@bib10]; [@bib48]; [@bib55]), but the underlying molecular mechanisms remain largely unknown. Cell adhesion molecules (CAMs) represent likely candidates to establish and regulate the cell--cell contacts necessary to control axonal intercalation.

To address these questions, we focused on the Ig-family CAM Neuroglian (Nrg), which has been shown to be essential for MB development ([@bib58]; [@bib8]; [@bib27]). Nrg encodes the *Drosophila* orthologue of the L1CAM family and shares a similar homology to all four vertebrate protein family members (L1, CHL1, NrCAM, and Neurofascin; [@bib4]). L1 family members represent single-pass transmembrane proteins and can mediate cellular adhesion by forming homo- or heterophilic interactions with their extracellular domain ([@bib32]; [@bib45]; [@bib53]). The cytoplasmic tail of vertebrate L1-type family members and Nrg consist of 85--145 aa ([@bib32]) harboring highly conserved protein--protein interacting domains mediating binding to cytoskeletal adaptor proteins including Ankyrins ([@bib13]; [@bib16]) and Ezrin-Radizin-Moesin (ERM) proteins ([@bib15]). It has been demonstrated that these intracellular interactions contribute to L1-dependent axonal outgrowth of cultured neurons by establishing static cell--cell interactions (Ankyrins; [@bib26]) or traction force generation (Ezrin; [@bib54]). In *Drosophila* it has been shown that Nrg contributes to axon guidance of peripheral neurons ([@bib30]; [@bib22]) and is essential for synapse maturation and maintenance ([@bib17]). The general importance of L1CAM for nervous system development is further underscored by the severe neurological phenotypes of human patients harboring mutations in L1. Extra- and intracellular mutations can result in hypoplasia of the corpus callosum and mental retardation, and are often accompanied by additional developmental defects summarized as L1 syndrome ([@bib18], [@bib19]; [@bib69]; [@bib37]).

Here we systematically combine targeted domain-specific mutations with cell type--specific rescues to identify the molecular requirements of Nrg for axon--axon interactions and to gain insights into the cellular mechanisms controlling establishment of the complex MB architecture.

Results
=======

Extra- and intracellular domains of Nrg are essential for MB axon guidance
--------------------------------------------------------------------------

To gain insights into the cellular and molecular mechanisms controlling formation of the complex axonal architecture of the *Drosophila* MBs ([Fig. 1 A](#fig1){ref-type="fig"}), we focused on the CAM Nrg, the *Drosophila* L1CAM homologue. Although it has been shown that extracellular Nrg-mediated adhesion is required for MB development ([@bib27]), the precise cellular and molecular requirements have not been addressed. To address these questions and to identify potential regulatory mechanisms, we first compared mutations affecting extracellular adhesion, *nrg^849^* ([@bib27]), with mutations disrupting intracellular protein--protein interactions. To generate specific intracellular mutations, we used a genomic rescue approach ([@bib64]) that allows expression of modified versions of Nrg at endogenous levels in the background of the embryonic-lethal *nrg^14^* null mutation ([@bib17]). Importantly, in *nrg^14^*-null mutant flies rescued by a wild-type Pacman construct (*nrg^14^;* P\[*nrg_wt*\]), all MB axons project through the pedunculus ([Fig. 1 B](#fig1){ref-type="fig"}, arrow) to the anterior part of the brain, where they branch and project into vertical and medial lobes indistinguishable from controls ([Fig. 1, B, G, and H](#fig1){ref-type="fig"}). In contrast, in *nrg^849^* mutants and *nrg* mutants lacking the Nrg^180^-specific intracellular tail (*nrg^14^;* P\[*nrg^180^\_ΔC*\]; see [Fig. 4 H](#fig4){ref-type="fig"}), both α′β′ and αβ axons fail to project into the pedunculus despite the presence of γ lobes ([Fig. 1, C--H](#fig1){ref-type="fig"}). Strikingly, α′β′ and αβ axons remained segregated and formed two separate ball-like structures ventral to the MB calyx ([Fig. 1, C and D](#fig1){ref-type="fig"}). These data demonstrate that protein--protein interactions mediated by the cytoplasmic tail domain of Nrg^180^ are essential for MB development, indicating that intracellular interactions directly contribute to functional properties of Nrg in vivo despite being dispensable for homophilic adhesion in cellular assays ([@bib34]). The *nrg^849^* mutant phenotype has previously been described as axon stalling ([@bib27]). However, based on the close phenotypic resemblance with mutations in the *rac* family of actin regulators that are due to defects in MB axon guidance ([@bib47]), we next analyzed the projection patterns of individual axons. We labeled individual αβ axons in *nrg^849^* mutants using a flip-out approach ([@bib28]). GFP-labeled mutant αβ axons projected through the area of aberrant α′β′ axons (Discs large \[Dlg\] positive, Fasciclin II \[FasII\] negative) into the ball-like αβ structure (FasII positive) but failed to grow anteriorly ([Fig. 1 E](#fig1){ref-type="fig"}). Instead, the axons grew in circles without leaving the aberrant FasII-positive area ([Fig. 1 E](#fig1){ref-type="fig"}). Thus, the observed phenotypes likely represent a failure of *nrg* mutant axons to enter the pedunculus and are consistent with an axon guidance but not with an axon stalling phenotype ([Fig. 1 F](#fig1){ref-type="fig"}).

![**Extra- and intracellular Nrg domains contribute to MB axon guidance.** (A) Schematic drawings of MB development. Side views of MB axon projections and cross-sections of the pedunculus are shown: γ (gray), α'β' (magenta), and αβ (green). (B--D) Frontal projections of posterior (top) and anterior (middle) regions of the MBs. αβ neurons are marked by mCD8-GFP expression (*c739*-Gal4, green), and neurites of all MB are visualized by Dlg (magenta). Bottom panels show medial (side) views of 3D-surface rendered αβ neurons. (B) In *nrg^14^;* P\[*nrg_wt*\] control animals, axons of all three MB neuron subtypes project through the pedunculus (arrows) into vertical and medial MB lobes (arrowheads). (C and D) In *nrg* mutant animals carrying either a mutation in the extracellular domain (B; *nrg^849^*) or lacking the Nrg^180^-specific C terminus (C; *nrg^14^;* P\[*nrg^180^\_ΔC*\]), axons of αβ (green) and α'β' (magenta/white) neurons fail to project into the pedunculus and accumulate in ball-like structures in the posterior brain ventral to the calyx (asterisks). αβ and α'β' axons remain segregated (top, arrowheads). Axons of γ neurons (middle, arrowheads) still form a medial lobe that is often thinner compared with controls. (E) Frontal projections of entire MBs of an *nrg^849^* mutant in which individual αβ neurons are labeled by mCD8-GFP (*201Y*-Gal4) using a flip-out approach. αβ axons are marked with FasII (red), neuropil with Dlg (blue). Bars, 20 µm. (F) Schematic model of axonal projections in *nrg^14^;* P\[*nrg^180^\_ΔC*\] mutant animals. (G and H) Quantification of aberrant ball-like projections of αβ (G) or α'β' (H) neurons. Phenotypes were assayed using FasII (αβ) or Trio (α'β'). *n* = 60, 46, 44, and 54 (G) and *n* = 26, 28, 24, and 34 (H), in the respective order of the genotypes indicated.](JCB_201407131R_Fig1){#fig1}

We next addressed whether the observed αβ and α′β′ projection phenotypes were potentially due to failed lobular innervation of γ neurons during larval development, which precedes αβ and α′β′ development ([Fig. 1 A](#fig1){ref-type="fig"} and [Fig. S1, A--C](http://www.jcb.org/cgi/content/full/jcb.201407131/DC1){#supp2}). In contrast to a prior report ([@bib27]), we observed severe axon projection defects of α′β′ neurons resulting in posterior ball-like structures in both the extra- and intracellular *nrg* mutations at the third instar larval stage (Fig. S1, D--F and G). Importantly, analysis of γ axon projections using a specific GAL4-driver line (NP21) demonstrated only minor alterations in lobe morphology in *nrg^849^* mutants and no defects in *nrg^14^;* P\[*nrg^180^\_ΔC*\] mutants (Fig. S1, D--F, H, and I).

Nrg enforces axon guidance into the MB pedunculus and lobes
-----------------------------------------------------------

To address potential functions of Nrg that may be masked by the hypomorphic nature of our extra- and intracellular mutations, we next analyzed MB neurons lacking all Nrg using the mosaic analysis with a repressible cell marker (MARCM) technique ([@bib42]). Axons of *nrg^14^* single cell mutant clones never failed to grow out or to enter the pedunculus, and we observed only minor branching defects in agreement with prior observations ([Fig. 2, A--C, J](#fig2){ref-type="fig"}; [@bib27]). To address whether Nrg is potentially required for the coordination of larger population of axons or for the interaction between axons of different identity, we next generated NB clones that either included only αβ neurons, both α′β′ and αβ neurons, or all three subtypes of MB neurons ([Fig. 1 A](#fig1){ref-type="fig"}). Interestingly, the majority of αβ NB clones did not show any alteration of axonal projections ([Fig. 2, D, E, and J](#fig2){ref-type="fig"}). However, in ∼20% of these clones, we observed defects including the formation of ball-like structures below the calyx resembling the phenotype of hypomorphic *nrg* mutations ([Fig. 2, F and J](#fig2){ref-type="fig"}). In contrast, 78% of NB clones that included α′β′ neurons in addition to αβ neurons showed striking defects in MB development, with mutant α′β′ and αβ axons projecting straight to the tip of the α-lobes. In these cases, axons take a shortcut and circumvent their normal path through the pedunculus and the lobes ([Fig. 2, G--K](#fig2){ref-type="fig"}). Interestingly, mutant γ axons projected appropriately through the pedunculus to the lobes ([Fig. 2 I](#fig2){ref-type="fig"}). These data indicate that Nrg is not required in single axons navigating into the MB structure but is required within populations of α′β′ and/or pioneering αβ axons that likely mediate an interaction between these two distinct axonal populations.

![**Nrg controls MB axon tract choice.** (A--I) MARCM analysis of *nrg^14^* mutants. Bars, 10 µm. (A--C) Frontal projections of control and *nrg^14^* mutant single-cell clones. Absence of *nrg^14^* in individual MB neurons does not cause obvious alteration of axonal projections. (D--F) Frontal projections of control and *nrg^14^* αβ NB clones (NBc). The majority of *nrg^14^* αβ NBc do not show an axonal phenotype (E). (F) Example of an *nrg^14^* αβ NBc in which axons fail to project into the pedunculus and form circular projections in the posterior brain. (G--I) Large control and *nrg^14^* NBc that include either α'β' and αβ (H) or all three MB subtypes (G and I). Top panels show frontal projections of the entire MB. Bottom panels show medial (side) views of the NBc marked by GFP (green) and Dlg (blue; G and H) or FasII (red; I). In contrast to controls, *nrg^14^* mutant α'β' and αβ axons but not γ axons (I) project aberrantly straight to the α lobe tip, bypassing the MB pedunculus and lobes (asterisks). (J) Quantification of MARCM phenotypes (*n* = 31, 11, 5, 131, 9, and 14, in the respective order of the genotypes indicated). (K) Schematic drawing of wild-type and *nrg^14^* mutant axon trajectories in G--I.](JCB_201407131_Fig2){#fig2}

Dynamic expression of Nrg during MB development
-----------------------------------------------

To gain insights into how Nrg coordinates the guidance of α′β′ and αβ axons into the pedunculus, we next examined the expression pattern of Nrg during MB development. At late larval stages when the first α′β′ axons intercalate in between γ neurons at the center of the pedunculus ([Fig. 1 A](#fig1){ref-type="fig"}), we observed low levels of Nrg in γ axons but high levels within the axons of α′β′ neurons especially at the interface with the γ axons ([Fig. 3 A](#fig3){ref-type="fig"}). During early pupal development (4 h after pupal formation \[APF\]), when αβ axons start to intercalate in between α′β′ axons at the center of the pedunculus, we observed a striking switch in Nrg expression: the highest levels were now present in ingrowing αβ axons at the boundary to α′β′ axons, which now expressed lower levels of Nrg ([Fig. 3 B](#fig3){ref-type="fig"}). During pupal and adult development, Nrg expression remained high in αβ axons and low in γ axons but was completely down-regulated in α′β′ axons ([Fig. 3 C](#fig3){ref-type="fig"}). Thus, throughout development Nrg expression is regulated in a dynamic, cell type--specific manner, with the highest expression levels present in axons that replace previously born neurons of different identity at the center of the pedunculus.

![**Nrg is dynamically expressed during MB development.** (A--E) Analysis of Nrg^180^ expression (red) in MB pedunculus cross-sections at the position indicated in the schematics using cell type--specific Gal4 lines driving mCD8-GFP (green). The following Gal4-driver lines were used: *NP0021* (γ neurons), *c305a* (α'β' neurons), and *c739* (αβ neurons). Bar, 2.5 µm. (A) In late third instar larvae, high levels of Nrg are present in α'β' axons, which are surrounded by γ axons expressing lower Nrg levels. (B) At early pupal stages (4 h after puparium formation \[APF\]), Nrg is down-regulated in α'β' axons and now highly expressed in *c305a*-Gal4--negative αβ axons. (C) In late pupal and adult stages, Nrg is down-regulated in α'β' axons but remains expressed at high levels in αβ and at lower levels in γ axons.](JCB_201407131_Fig3){#fig3}

Together these data demonstrate that Nrg is required to guide MB axons into the pedunculus and lobes. The dynamic expression pattern suggests that Nrg potentially controls selective adhesion between populations of axons of different identity.

The intracellular FIGQY and FERM domains are required for MB development
------------------------------------------------------------------------

Based on the striking phenotype caused by the partial deletion of the cytoplasmic tail of Nrg ([Fig. 1, D, G, and H](#fig1){ref-type="fig"}), we next aimed to identify the essential intracellular protein domains and their potential interaction partners. The C terminus of Nrg contains three major intracellular motifs: a FERM-interacting domain providing a potential link to the actin cytoskeleton shared by the neuronal (Nrg^180^) and nonneuronal isoform of Nrg (Nrg^167^), isoform-specific Ankyrin-interacting domains (FIGQY), and an Nrg^180^-specific PDZ-interacting domain ([Fig. 4 H](#fig4){ref-type="fig"}). To directly assess the requirements of these domains, we analyzed genomic rescue constructs carrying domain-specific deletions (see Materials and methods; [@bib17]). Importantly, all constructs rescued the embryonic lethality associated with the *nrg^14^*-null mutation, enabling analysis of adult MBs. It has been previously demonstrated that the C-terminal PDZ-interacting domain can bind to the MAGUK protein Polychaetoid (Pyd) in vitro, and genetic interaction studies indicated relevance of this interaction for MB development ([@bib27]). However, rescue constructs lacking the core residues of the C-terminal PDZ-interacting domain (ΔTYV) that mediate binding to Pyd completely restored MB development, thus excluding an essential requirement of this domain ([Fig. 4, A, B, and G](#fig4){ref-type="fig"}). In contrast, absence of the Ankyrin interaction domain (ΔFIGQY) in the neuronal isoform Nrg^180^ but not in Nrg^167^ isoform led to the formation of aberrant ball-like αβ axon projections in the posterior brain ([Fig. 4, C, D, and G](#fig4){ref-type="fig"}). Strikingly, we observed an identical phenotype when the FERM--protein interaction domain was deleted (ΔFERM; deletion of amino acids 1156--1166; [Fig. 4, E and G](#fig4){ref-type="fig"}). Thus, two distinct and potentially independent intracellular Nrg protein--protein interaction motifs are essential for MB development in vivo.

![**Intracellular FIGQY and FERM domains are required for MB development.** (A--F) αβ neurons marked by mCD8-GFP expression (*c739*-Gal4). Frontal projections of the anterior (A, B, D, and F) or of the entire brain are shown (C and E). Bars, 20 µm. (A) In *nrg^14^;* P\[*nrg_wt*\] control animals, αβ axons form medial and vertical lobes in the anterior brain. (B) The binding motif for PDZ domain containing proteins (TYV) of Nrg^180^ is not required for MB axon pathfinding. (C and D) Deletion of the FIGQY motif of Nrg^180^ but not of Nrg^167^ results in aberrant axonal accumulations in the posterior brain and absence of anterior αβ lobes. (E) Deletion of the FERM protein--interacting domain results in aberrant projections and an absence of αβ lobes. (F) A YF mutation within the FIGQY motif of Nrg^180^ restores MB development but β lobes were fused at the midline (see also [Fig. S2](http://www.jcb.org/cgi/content/full/jcb.201407131/DC1){#supp1}). (G) Quantification of aberrant ball-like projections of αβ axons analyzed using FasII or c739\>mCD8-GFP (*n* = 44, 66, 80, 81, 78, 84, and 56, in the respective order of the genotypes indicated). (H) Schematic model of the domain structure of the Nrg isoforms Nrg^180^ and Nrg^167^. The positions of the extracellular mutation *nrg^849^* and of intracellular domains are indicated. A summary of the in vitro Nrg--Ank2 interaction data from [@bib17] is displayed.](JCB_201407131R_Fig4){#fig4}

Nrg--Ankyrin2 (Ank2) and Nrg--Moesin associations control MB axon guidance
--------------------------------------------------------------------------

Phosphorylation of the tyrosine residue within the FIGQY motif negatively regulates the binding of L1 protein family members to Ankyrins ([@bib24]; [@bib63]). This effect can be mimicked by specific amino acid substitutions, which alter binding to Ank2 and change the mobility of L1CAM in vitro ([@bib26]) or of Nrg in axons in vivo ([@bib17]). Similar to *nrg^14^;* P\[*nrg^180^\_ΔFIGQY*\] mutant animals, a point mutation abolishing the Nrg--Ank2 interaction (YA) failed to rescue MB development (*nrg^14^;* P\[*nrg^180^\_YA*\]; [Fig. 4 G](#fig4){ref-type="fig"}). In contrast, a point mutation inducing a constitutive Nrg--Ank2 interaction by rendering the tyrosine nonphosphorylatable (YF) efficiently restored MB axon projections into the pedunculus and the anterior lobes (*nrg^14^;* P\[*nrg^180^\_YF*\]; [Fig. 4, F and G](#fig4){ref-type="fig"}). Interestingly, in YF mutants we observed minor defects in α lobe tip innervation and a partial fusion of the β lobes from the two brain hemispheres, which indicates that a dynamic regulation of the Nrg--Ank2 interaction is essential for normal lobe morphogenesis ([Fig. 4 F](#fig4){ref-type="fig"}; and [Fig. S2, A--C](http://www.jcb.org/cgi/content/full/jcb.201407131/DC1){#supp3}). To independently test the requirement of a cytoplasmic Nrg--Ank2 association, we performed genetic interactions assays. The *nrg* allele *nrg^305^* significantly reduced expression of both Nrg isoforms ([Fig. 5 E](#fig5){ref-type="fig"}) and caused MB lobe formation defects in 65% of brain hemispheres but only mildly affected axonal projection into the pedunculus ([Fig. 5, A and D](#fig5){ref-type="fig"}). Strikingly, removal of one copy of *ank2* (using the *ank2*-null allele *ank2^518^*) in hemizygous *nrg^305^* mutant animals resulted in a dramatic enhancement of the phenotype, with 80% of αβ axons now failing to enter the pedunculus ([Fig. 5, C and D](#fig5){ref-type="fig"}). Because the *ank2^518^* allele did not impair MB development in heterozygosity ([Fig. 5, B and D](#fig5){ref-type="fig"}), these data are consistent with the Nrg--Ank2 interaction contributing to MB axon guidance ([Fig. 5 J](#fig5){ref-type="fig"}).

![**Nrg--Ank2 association controls MB axon guidance.** (A--C and F--H) Frontal projections of the anterior (A, B, F, and G), posterior (C), or entire (H) region of the MBs visualized using FasII (green, αβ axons) and Dlg (magenta, neuropil). Bars, 20 µm. (A) In hemizygous *nrg^305^* mutant animals, αβ axons display branching and lobe formation defects but rarely fail to project through the pedunculus. (B) Heterozygous mutations of *ank2* (*ank2^518^/+*) do not affect MB development. (C) Removal of one copy of *ank2* in hemizygous *nrg^305^* mutant animals severely enhances the MB axon phenotype, with MB axons failing to enter the pedunculus and forming aberrant ball-like structures in the posterior brain. (D) Quantification of the αβ axon phenotype assayed using FasII (*n* = 60, 43, 42, and 44, respectively, in the order of the genotypes given). (E) Western blot analysis of Nrg expression in larval brain extracts. The *nrg^305^* GFP-trap mutation reduces protein expression of both Nrg^180^ and Nrg^167^. (F) *nrg^305^* mutant animals display mild axonal defects including branching and lobe formation defects. (G) Knockdown of Moesin in MB neurons causes defects in αβ axon branching and lobe formation but does not lead to aberrant axonal accumulations in the posterior brain. (H) Knockdown of Moesin in MB neurons in *nrg^305^* mutant animals results in a dramatic enhancement of the phenotype compared with both individual genotypes, with MB axons now forming aberrant ball-like structure in the posterior brain. (I) Quantification of αβ axon phenotype using FasII (*n* = 43, 38, 30, 72, 26, 26, and 26, respectively, in the order of the genotypes indicated). (J) Schematic model indicating essential Nrg interaction partners.](JCB_201407131R_Fig5){#fig5}

We used a similar approach to identify potential binding partners of the Nrg FERM--protein interaction domain. Prime candidates are proteins of the ERM protein family that are represented by a single member in the *Drosophila* genome, Moesin ([@bib46]; [@bib1]). However, it has been demonstrated that Nrg can also be present in a complex with the related 4.1 protein family member Coracle ([@bib25]). Therefore, we tested the requirements of both Moesin and Coracle for Nrg-dependent MB development using previously characterized RNAi constructs ([@bib52]; [@bib23]). While MB-specific RNAi-mediated knockdown of Coracle did not result in any MB defects, knockdown of Moesin resulted in lobe projection defects ([Fig. 5, G and I](#fig5){ref-type="fig"}), which indicates that Moesin is required for MB development. Indeed, knockdown in MB neurons of Moesin but not of Coracle in hemizygous *nrg^305^* mutant animals resulted in a striking enhancement of the *nrg^305^* mutant phenotype, with almost 100% of αβ axons failing to enter the pedunculus ([Fig. 5, H and I](#fig5){ref-type="fig"}). Together, these data identify Moesin and Ank2 as likely intracellular interaction partners of Nrg during MB axon guidance ([Fig. 5 J](#fig5){ref-type="fig"}).

Trans-axonal control of pedunculus and lobe formation
-----------------------------------------------------

Based on the dynamic expression of Nrg at the border between ingrowing and substrate axons, we hypothesized that Nrg acts as a homophilic CAM to mediate axon--axon interactions during pedunculus entry. To test this hypothesis and to investigate potential cell type--specific requirements of the different Nrg domains, we used the UAS-Gal4 system to express wild-type Nrg^180^ selectively in either α′β′ or γ neurons in the background of the domain-specific *nrg* mutants. In these animals, wild-type Nrg^180^ will be present only in substrate (γ) or ingrowing axons (α′β′) while all other MB neurons express mutant Nrg. This enables a direct analysis of cell type--specific axo--axonal interactions mediated between wild-type and mutant Nrg proteins. In *nrg^14^;* P\[*nrg^180^\_ΔFIGQY*\], expression of wild-type Nrg^180^ in ingrowing α′β′ neurons was sufficient to rescue pedunculus entry and lobe formation of α′β′ axons ([Fig. 6, A--C and E](#fig6){ref-type="fig"}). Strikingly, in these animals we also observed an almost complete rescue of αβ axons that only express mutant Nrg lacking the FIGQY domain ([Fig. 6, A′--C′ and F](#fig6){ref-type="fig"}). Similarly, expression of wild-type Nrg^180^ in γ neurons was sufficient to rescue projections of mutant α′β′ neurons ([Fig. 6, D and E](#fig6){ref-type="fig"}). These data demonstrate that the presence of wild-type Nrg^180^ in either substrate or ingrowing axons is sufficient to compensate for the absence of the Nrg FIGQY protein interaction motif within the interacting axonal population and indicates that Nrg acts as a homophilic CAM during these axo--axonal interactions. Interestingly, in animals expressing wild-type Nrg^180^ only in γ neurons, we also observed a partial rescue of αβ projections into the pedunculus, but the axons failed to innervate αβ lobes ([Fig. 6, D′ and F](#fig6){ref-type="fig"}). Analysis of the axonal projections within the pedunculus revealed a severe perturbation of axonal layer organization, with mutant αβ neurons now directly contacting wild-type Nrg^180^-expressing γ neurons ([Fig. 6 D](#fig6){ref-type="fig"}, arrow), a phenotype never observed in control animals ([Fig. 6 A](#fig6){ref-type="fig"}). Thus, mutant αβ axons likely used wild-type Nrg-expressing γ axons as a substrate to enter the pedunculus. However, at the end of the pedunculus these mutant αβ axons failed to use the *nrg^14^;* P\[*nrg^180^\_ΔFIGQY*\] mutant α′β′ lobes ([Fig. 6, D and D′](#fig6){ref-type="fig"}) as a template and therefore could not form αβ lobes. These data are consistent with the two axonal populations also interacting in an Nrg-dependent manner at this choice point during lobe development.

![**Trans-axonal control of pedunculus and lobe formation.** (A--D) Frontal projections of posterior (top) and anterior regions (middle) of MBs marked by Trio (magenta; α'β', high; and γ, low). Bottom panels show cross-sections of the pedunculus stained for Trio (magenta) and Dlg (green). Bars: (top) 20 µm; (bottom) 2.5 µm. (A'--D') Top panels show frontal projections of entire MBs marked by FasII (green; αβ, high; and γ, low). Schematics summarize axonal projection phenotypes. Bars, 20 µm. (A) In control *nrg^14^;* P\[*nrg_wt*\] animals, Trio-positive axons of α'β' and γ neurons project into anterior lobes. Within the pedunculus, γ, α'β', and αβ axons are clearly segregated into distinct concentric layers. (A') αβ axons form medial and vertical lobes. (B) In *nrg^14^;* P\[*nrg^180^\_ΔFIGQY*\] mutant animals, α'β' axons fail to project into the pedunculus and form aberrant ball-like projections in the posterior brain. Only γ neurons (also Trio positive; imaged at higher gain settings compared with controls) form anterior lobes. (B') αβ axons fail to form anterior lobes and form aberrant projections in the posterior brain. (C) Expression of wild-type Nrg^180^ in α'β' neurons of *nrg^14^;* P\[*nrg^180^\_ΔFIGQY*\] mutants restores anterior projections of α'β' neurons. Minor perturbations of axonal layer organization are evident in the pedunculus. (C') In these animals, projections of αβ mutant axons are also efficiently rescued and αβ lobes form next to the wild-type Nrg^180^-expressing α'β' lobes (asterisk in C). (D) Expression of wild-type Nrg^180^ in γ neurons of *nrg^14^;* P\[*nrg^180^\_ΔFIGQY*\] mutants also rescues α'β' projections. Pedunculus cross-sections reveal aberrant organization of axonal layers, with mutant αβ axons inappropriately in contact with γ axons (arrow). (D') In these animals, αβ axons grow into the pedunculus to the pedunculus divide (heel, arrow) but fail to form medial or vertical lobes (note the altered appearance of α'β' lobes in D due to the absence of αβ lobes, indicated by the asterisk). (E) Quantification of α'β' phenotypes (*n* = 24, 55, 18, and 30, respectively, in the order of the genotypes indicated). (F) Quantification of αβ phenotypes (*n* = 44, 61, 69, and 36, respectively, in the order of the genotypes indicated). (G--J and G'--J') Frontal projections of entire MBs. (G and G') In *nrg^14^;* P\[*nrg_ΔFERM*\] mutant animals, axons of α'β' and αβ neurons form aberrant ball-like projections in the posterior brain and fail to form anterior lobes. (H and H') Expression of wild-type Nrg^180^ in α'β' neurons of *nrg^14^;* P\[*nrg_ΔFERM*\] mutants does not rescue the MB phenotype. (I and I') Expression of wild-type Nrg^180^ in γ neurons of *nrg^14^;* P\[*nrg_ΔFERM*\] mutants does not rescue the MB phenotype. (J and J') Expression of wild-type Nrg^180^ in all MB neurons efficiently rescues axonal projections. Bars, 20 µm. (K) Quantification of the α'β' phenotypes (*n* = 44, 61, 28, 31, and 24, respectively, in the order of the genotypes indicated). (L) Quantification of the αβ phenotypes (*n* = 102, 82, 65, 48, and 30, respectively, in the order of the genotypes indicated).](JCB_201407131_Fig6){#fig6}

We next addressed whether a similar trans-axonal rescue is possible in animals lacking the intracellular FERM protein interaction domain of Nrg. Surprisingly, and in contrast to *nrg^14^;* P\[*nrg^180^\_ΔFIGQY*\] mutant animals, expression of Nrg^180^ in either ingrowing (α′β′) or substrate (γ) neurons in *nrg^14^;* P\[*nrg_ΔFERM*\] mutant animals failed to restore the α′β′ or αβ axonal projection patterns ([Fig. 6, G--I, G′--I′, K, and L](#fig6){ref-type="fig"}). However, expression of Nrg^180^ in all MB neurons almost completely restored MB development with only minor αβ lobe defects ([Fig. 6 J, J′, K, and L](#fig6){ref-type="fig"}). Thus, in contrast to the FIGQY domain, the FERM protein interaction domain is required simultaneously in both ingrowing and substrate neurons to allow pedunculus entry of α′β′ and αβ axons.

We then analyzed the cell type--specific requirements of extracellular adhesion using the *nrg^849^* mutation, which causes an S213L exchange within the second Ig domain. It was previously reported that this mutation completely abolished Nrg-dependent homophilic cell--cell interactions in a *Drosophila* S2 cell aggregation assay ([@bib27]). However, a complete loss of adhesive properties of the Nrg^S213L^ protein in vivo is not consistent with the observation that *nrg^849^* mutant animals survived to adulthood while *nrg^14^*-null and *nrg^ΔIg3--4^* mutants that completely lack the extracellular Ig domains 3 and 4 die as late embryos ([@bib4]; [@bib17]). Interestingly, the potential analogous human L1CAM disease mutation H210Q ([@bib36]; [@bib65]) reduces homophilic L1-L1 adhesion but efficiently binds to wild-type L1 protein ([@bib9]). To address potential association between Nrg^S213L^ and wild-type Nrg, we performed S2 cell aggregation assays using transient transfection of fluorescently tagged proteins. While expression of Nrg lacking Ig domains 3/4 did not induce cell cluster formation, we observed efficient clustering of cells expressing GFP-tagged Nrg^S213L^ ([Fig. S3](http://www.jcb.org/cgi/content/full/jcb.201407131/DC1){#supp4}). This indicates at least partial homophilic binding activity consistent with the hypomorphic nature of the *nrg^849^* mutation in vivo. In addition, we observed efficient association between Nrg^S213L^ and wild-type Nrg^180^-expressing cells, demonstrating that mutant and wild-type proteins can form functional homophilic interactions (Fig. S3). Based on these results, we next tested in vivo whether formation of a trans-axonal complex between wild-type and mutant Nrg^S213L^ proteins may be sufficient to rescue MB development. Indeed, expression of wild-type Nrg only in α′β′ neurons efficiently restored pedunculus projections and formation of α′β′ lobes in *nrg^849^* mutants ([Fig. 7, A--C and E](#fig7){ref-type="fig"}). However, later ingrowing mutant αβ neurons failed to use these wild-type Nrg^180^-expressing neurons as a template, as indicated by the absence of αβ lobes ([Fig. 7, C′ and F](#fig7){ref-type="fig"}). Consistent with wild-type Nrg^180^ being required in the ingrowing neuronal subtype, we did not observe any rescue of mutant α′β′ or αβ MB axonal projections when wild-type Nrg^180^ was expressed in γ neurons using two different Gal4 lines ([Fig. 7, D, D′, E, and F](#fig7){ref-type="fig"}). Together, these rescue experiments revealed striking differential requirements of the extra- and intracellular domains of Nrg. These differences were particularly evident when comparing the α′β′ rescues in the different mutant backgrounds. The presence of wild-type Nrg^180^ in α′β′ neurons efficiently restored α′β′ but not αβ projections in *nrg^849^* mutants, whereas it was sufficient to restore projections of both α′β′ and αβ neurons in *nrg^14^;* P\[*nrg^180^\_ΔFIGQY*\] mutant animals ([Fig. S4](http://www.jcb.org/cgi/content/full/jcb.201407131/DC1){#supp5}).

![**Extracellular adhesion controls axonal intercalation.** (A--D) Anterior and posterior projections of α'β' and γ neurons marked by Trio (magenta) are shown. (A'--D') Top panels show entire MB projections of αβ axons marked by FasII (green). Schematics summarize the axonal phenotypes. (A and B) In contrast to control animals, in *nrg^849^* mutant animals α'β' axons fail to enter the pedunculus and form ball-like aggregates in the posterior brain. Medial γ lobe projections show minor defects. (B') In mutant animals, αβ axons also fail to enter the pedunculus. (C) Cell type--specific expression of wild-type Nrg^180^ in α'β' neurons of *nrg^849^* mutant animals restores α'β' lobular projections. (C') No rescue of αβ projections was observed when using *vt057244*-Gal4; however, we frequently observed partial rescue of αβ axons into the pedunculus but no rescue of lobe formation despite presence of α'β' lobes when using *c305a*-Gal4. (D and D') Expression of wild-type Nrg^180^ in γ neurons of *nrg^849^* mutant animals does not rescue α'β' or αβ projections. (E and F) Quantification of α'β' (E) and αβ (F) axon phenotypes. Rescue data are presented using Gal4 drivers expressing wild-type Nrg^180^ in all MB neurons (*Ok107*-Gal4), α'β' neurons (*c305a*-Gal4 and *vt057244*-Gal4), or γ neurons (*NP0021*-Gal4, *201Y*-Gal4; *n* = 26, 28, 20, 34, 36, 21, and 43 for E and *n* = 60, 46, 20, 28, 38, 28, and 44 for F, in the respective order of the genotypes indicated). Bars, 20 µm.](JCB_201407131R_Fig7){#fig7}

Cooperative control of Nrg-mediated axo--axonal interactions
------------------------------------------------------------

Based on the trans-axonal rescues of *nrg^14^;* P\[*nrg^180^\_ΔFIGQY*\] mutants, we hypothesized that a major function of the Ank2 interaction may be clustering of Nrg, a feature that in principle can be accomplished with equal efficacy from either side of a trans-axonal interaction. If Nrg mediated axon--axon interactions depend on the formation of Nrg clusters, we would predict intragenic complementation between the three *nrg* mutations despite their unique cell type--specific requirements. Strikingly, while we observed identical phenotypes for all three mutations when homo/hemizygous ([Fig. 8, A--C and G](#fig8){ref-type="fig"}), all trans-heterozygous combinations restored pedunculus entry and at least partially rescued lobe formation ([Fig. 8, D--G](#fig8){ref-type="fig"}). These results provide strong evidence that multimeric clusters mediate Nrg function in vivo. These data further demonstrate that the Nrg^ΔFERM^ protein is functional and that the intracellular FIGQY and FERM domains act independently of each other. The observed lobe formation defects in transheterozygous *nrg^849^* and *nrg^14^;* P\[*nrg_ΔFERM*\] mutants were consistent with the more essential requirements of these two protein domains ([Fig. 8, F and G](#fig8){ref-type="fig"}). Together, these data demonstrate that the extra- and intracellular Nrg protein--protein interaction domains act in a cooperative manner during the cell type--specific axon--axon interactions necessary for the establishment of MB architecture ([Fig. 8 H](#fig8){ref-type="fig"}).

![**Cooperative control of Nrg-mediated trans-axonal interactions.** (A--F) Frontal projections of the entire MBs (A--C) or only anterior regions (D--F). αβ axons are marked by FasII (white). Bars, 20 µm. (A--C) All hypomorphic *nrg* mutations result in identical αβ axon projection defects. (D--F) Transheterozygous combinations of two mutations almost completely restore MB projections. Aberrant β-lobe fusions were present in some ΔFIGQY/ΔFERM mutant animals (D), and severe perturbations of lobe formation were evident in animals transheterozygous for ΔFERM and *nrg^849^* (F). (G) Quantification of the αβ phenotype (*n* = 63, 64, 46, 40, 36, 46, respectively, in the order of the genotypes indicated). (H) Model of the formation of functional Nrg clusters during trans-axonal interactions. Trans-axonal Nrg interactions are stabilized by Ank2-mediated clustering. Interactions with Moesin provide a link to the actin cytoskeleton that enables formation of stable complexes providing cellular adhesion.](JCB_201407131_Fig8){#fig8}

Discussion
==========

Our combined analysis using targeted, domain-specific mutations of the *Drosophila* L1CAM homologue Nrg with cell type--specific rescues enabled us to unravel the cellular mechanisms controlling MB development and to gain insights into the general molecular mechanisms underlying CAM-mediated cell adhesion and axon guidance in vivo. At the cellular level, we provide evidence for the potential presence of an attractive signal at the tip region of MB lobes that guides MB axons to the anterior brain. Axon--axon interactions mediated by Nrg are necessary to enforce guidance of α′β′ and then αβ neurons through the pedunculus and along the lobes to their target to establish the characteristic layered and lobular organization of the MBs essential for learning and memory. At the molecular level, our data suggest that intracellular association with Ank2 and Moesin is independently required for the establishment of functional trans-axonal Nrg complexes and MB axon guidance in vivo. Our results demonstrate that CAM-mediated axon--axon interactions are tightly controlled by intracellular protein--protein interactions and enable the establishment of complex layered and lobular neuronal circuit architecture.

Nrg controls MB axon guidance
-----------------------------

The analysis of MB axons lacking all Nrg revealed striking insights into the mechanisms controlling MB assembly. Our data show that Nrg is not essential for neurite extension or axon pathfinding of individual neurons or of small populations of neurons of equal identity. However, as soon as *nrg* mutant NB clones included neurons of two identities, we observed a dramatic alteration of axon trajectories. Instead of entering the pedunculus and following the lobe pathways, mutant axons projected directly to the final target, the tip of the α/α′ lobes. Together with our cell type--specific rescue data, these results indicate that Nrg is essential to mediate axon--axon interactions between axon populations of different identities to enforce and enable guidance through the MB structure. Furthermore, these data indicate that α/α′ lobes are the likely source of a long-range chemoattractive axon guidance signal. However, an alternative explanation may be that the shortcut pathway simply represents a permissive default trajectory. Wnt signaling represents a prime candidate to mediate MB axon guidance because it has been implicated in anterior--posterior guidance in both invertebrates and vertebrates ([@bib44]; [@bib70]) and because the *wnt5* mutant phenotype shares similarities with the *nrg* MB phenotype ([@bib29]). Uncoupling extracellular guidance signaling from the force-generating cytoskeletal machinery by mutating *rac* genes also resulted in a failure of axons to enter the pedunculus ([@bib47]), which indicates that pedunculus entry represents a key choice point for α′β′ and αβ MB axons.

Homophilic Nrg--Nrg complexes control axo--axonal interactions
--------------------------------------------------------------

At the molecular level, our study provides mechanistic insights into the in vivo requirements of protein--protein interaction domains of CAMs during contact-dependent axon guidance. We propose a three-step process necessary for the formation of functional Nrg complexes during axo--axonal interactions.

First, adhesive contact is established by a homophilic Nrg interaction between ingrowing (α′β′) and substrate (γ) axons. We provide evidence that establishment of this inter-subtype axonal interaction requires active competition for binding partners and directly correlates with the adhesive properties of Nrg. Similar to the potential analogous human L1CAM disease mutation H210Q ([@bib36]; [@bib65]; [@bib9]), and in contrast to a prior report ([@bib27]), we demonstrate that mutant Nrg^S213L^ (*nrg^849^*) only partially impairs extracellular adhesion and can efficiently bind to wild-type Nrg (Nrg^wt^). Our cell type--specific rescues demonstrated that expression of Nrg^wt^ in ingrowing but not in substrate neurons restores pedunculus entry of α′β′ axons in *nrg^849^* mutants. Thus, Nrg^wt^ of ingrowing axons can interact with and resolve axo--axonal adhesion mediated by Nrg^S213L^ present on substrate axons. In contrast, in the reverse case mutant Nrg^S213L^ on ingrowing axons cannot dissolve the strong adhesive connections between substrate neurons that are mediated by Nrg^wt^. Identical mechanisms also control the interactions between α′β′ and αβ neurons (Fig. S4). Consistent with this hypothesis, we observed a differential and dynamic expression of Nrg during MB development, with the highest levels of Nrg always present in the ingrowing axonal population (first α′β′ then αβ) especially at the boarder to the substrate axons (first γ then α′β′). The precise control of Nrg levels that likely reflect the strength of inter-axonal adhesion indicates that differential adhesion may not only mediate force-generating interactions but also contribute to the segregation of subtype-specific axonal population analogous to the adhesion-dependent sorting of synaptic fascicles observed in the *Drosophila* visual system ([@bib56]). It is important to note that an alternative explanation for the observed cell type--specific rescues of *nrg^849^* mutant animals would be a disruption of potential cis interactions with signaling receptors, as demonstrated for other *nrg* mutations during sensory axon guidance ([@bib22]).

Second, we provide two lines of evidence that trans-axonal Nrg complexes have to be clustered and stabilized by intracellular interactions with the adaptor molecule Ank2. First, mutations in the intracellular FIGQY motif that selectively impair Ank2 binding ([@bib17]) display axon guidance phenotypes identical to mutations affecting the extracellular domain. In addition, loss of a single copy of *ank2* strongly enhanced the phenotype of a hypomorphic *nrg* mutation. Second, intracellular Ank2 association is sufficient on either side of the axon--axon interactions to restore pedunculus organization and lobe innervation. This bidirectional rescue provides strong evidence that Nrg acts as a homophilic CAM and indicates that Ank2-dependent cluster formation is mirrored across the inter-axonal interface, thereby resulting in the formation of stable trans-axonal Nrg complexes. These data are consistent with cell-based observations demonstrating selective recruitment of Ank2 to Nrg at sites of cell contact ([@bib35]) and with the Nrg--Ank2 association controlling synapse maturation and function in a trans-synaptic manner ([@bib17]). The observation that constitutive Nrg--Ank2 association (YF mutation) disrupts lobe morphogenesis indicates that this interaction is potentially controlled by reversible phosphorylation of the FIGQY motif during normal MB development.

Third, we demonstrate that a second intracellular domain, the conserved juxtamembrane FERM protein interaction domain, is equally important and, in contrast to the FIGQY motif, required simultaneously in both axonal populations. Furthermore, using genetic interaction assays, we identify *Drosophila* Moesin as the likely interaction partner that provides direct association with the actin cytoskeleton. This is consistent with prior studies demonstrating that binding to ERM proteins enables coupling of L1CAM to the retrograde F-actin flow during neurite extension in vitro ([@bib54]) and is required for axon branching in culture ([@bib11]). The simultaneous requirement in both ingrowing and substrate neurons indicates that the Moesin--F-actin link provides essential and unique functions in both axonal populations and does not simply serve as a static link to the cytoskeleton.

The striking intragenic complementation between the three *nrg* mutations that cause identical phenotypes provides compelling evidence that Nrg acts as a multimeric complex in vivo and that the two intracellular domains contribute independently to Nrg-mediated MB axon guidance. In principle these results are consistent with the intracellular Ank2 and Moesin--actin interaction contributing to forward movement through substrate--cytoskeletal coupling, as proposed using cell culture models ([@bib59]; [@bib26]). However, the absence of a neurite outgrowth phenotype in single-cell MARCM clones argues that in this in vivo system the main role of Nrg is likely the precise coordination of axon--axon interactions between axonal populations of different identity.

Our data are consistent with prior studies speculating that the later born axonal populations (αβ) follow pioneer tracts of different identity (α′β′) during MB lobe formation ([@bib66]; [@bib7]; [@bib3]; [@bib57]). We now identify essential requirements for trans-axonal Nrg interactions between γ-α′β′ and α′β′-αβ neurons, respectively, during pedunculus entry and lobe formation. This is best highlighted in the γ cell type--specific rescue experiments in *nrg^14^; P\[nrg^180^\_ΔFIGQY\]* mutants ([Fig. 6, D, D′, and F](#fig6){ref-type="fig"}). In these experiments, the larval γ lobes (before pruning) that expressed wild-type Nrg served as a substrate for α′β′ axons to project into the pedunculus and likely the lobes as well. Consistent with the requirement for a functional Nrg--Ank2 association on at least one side of the axon--axon interactions, these mutant α′β′ axons could not serve as a functional substrate for mutant αβ axons. αβ axons likely used γ axons aberrantly to grow into the pedunculus but failed to grow into lobes due to the absence of a wild-type Nrg substrate. Based on these results, it is interesting to speculate that pioneering γ neurons use glia cells as a substrate for the initial projections into anterior lobes. Indeed, we observed small alterations in γ projections in *nrg^849^* and *nrg^14^;* P\[*nrg_ΔFERM*\] mutants that affect both the neuronal and the glial Nrg isoform (Nrg180 and Nrg167, respectively) but not in *nrg^14^;* P\[*nrg^180^\_ΔFIGQY*\] mutants, which is consistent with the Nrg--Ank2 association being sufficient on either side of the Nrg--Nrg interface.

In addition, the disruption of pedunculus architecture in *nrg^14^; P\[nrg^180^\_ΔFIGQY\]* mutant animals expressing Nrg^wt^ only in γ neurons ([Fig. 6 D](#fig6){ref-type="fig"}) indicates that Nrg participates in the establishment and maintenance of cell type--specific axonal layer organization. However, additional CAMs must contribute to axonal subtype segregation, as we observed a clear segregation based on axonal identity in all hypomorphic *nrg* mutants ([Fig. 1, C and D](#fig1){ref-type="fig"}). Dscam and FasII are expressed in subsets of MB neurons and required for MB development ([@bib41]; [@bib66]; [@bib71]). An attractive model would be that these CAMs act cooperatively during the establishment and maintenance of layered and lobular MB organization. Interestingly, analysis of CAM expression patterns in the fasciculus retroflexus identified a layer-specific and differential localization of all four vertebrate homologues of Nrg (L1, CHL1, NrCAM, and Neurofascin; [@bib55]), which indicates potential conserved functions during axon--axon interactions that establish complex neuronal circuitry.

Finally, our data provide potential mechanistic insights into the molecular basis of the neurodevelopmental defects observed in L1 syndrome patients: partial agenesis of the corpus callosum (AgCC) and spinocerebellar projection defects ([@bib67]). In patients with AgCC, callosal axons fail to cross the midline and instead form aberrant ipsilateral tracts partially maintaining topographic organization ([@bib61]). During normal development, callosal projections are established in a sequential manner depending on axon--axon interactions between axonal populations of different identities ([@bib38]). Based on our data, an attractive hypothesis would be that decreased extracellular interactions between axons of different identity result in a failure to efficiently intercalate and project to appropriate targets on the contralateral side of the brain.

Materials and methods
=====================

Fly stocks
----------

All flies were maintained at 25°C on standard fly food except for RNAi experiments (29°C). The following strains were used in this study: *w^1118^* (control), P(neoFRT)19A, *Ok107*-Gal4 (all MB neurons; [@bib43]), *201Y*-Gal4 (αβ core and γ neurons; [@bib2]), *c739*-Gal4 (α'β' and γ neurons at late larval stages, only αβ neurons in adult animals; [@bib20]), *c305a*-Gal4 (α'β' neurons; [@bib40]), UAS-*mCD8-GFP*, *nrg^849^*, *nrg^305^* (*nrg^G00305^*; GFP-trap affecting both isoforms of *nrg*: *nrg^167^* and *nrg^180^*), *nrg^14^* (*nrg^1^*, null allele), *tub*-FRT\>Gal80\>FRT, hsFlp^86^ (all from the Bloomington Stock Center), *NP0021*-Gal4 (*NP21*, γ neurons; [@bib60]; Drosophila Genomics Resource Center, Kyoto Stock Center), *vt057244*-Gal4 (α'β' neurons; [@bib68]), UAS-moesin-RNAi (\#1, 37917; \#2, 33963; [@bib52]), UAS-coracle-RNAi (9788; [@bib23]; all from Vienna Drosophila RNAi Center), *nrg^14^*, and P(neoFRT)19A. P\[*acman*\] constructs used were: P\[*nrg_wildtype*\], P\[*nrg^180^\_YF*\] (Y1235F substitution in ORF of Nrg^180^), P\[*nrg^180^\_YA*\] (Y1235A substitution in ORF of Nrg^180^), P\[*nrg^180^\_ΔFIGQY*\] (deletion of aa 1231--1235 in ORF of Nrg^180^), P\[nrg^180^\_ΔC\] (deletion of aa 1231--1302 of Nrg^180^ ORF), P\[*nrg^180^\_ΔPDZ*\] (deletion of aa 1300--1302 in ORF of Nrg^180^), P\[*nrg^167^\_ΔFIGQY*\] (deletion of aa 1230--1234 in ORF of Nrg^167^), UAS-*Nrg^180^-EGFP* (C-terminal EGFP tagged Nrg^180^; all described in [@bib17]), *ank2^518^* ([@bib49]), *yw*,*tubGAL80*,*hsFlp,* and *FRT^19A^;* UAS*-mCD8-GFP;;Ok107*-Gal4 ([@bib42]). For the identification of Ok107-Gal4--positive animals ([Fig. 3](#fig3){ref-type="fig"}), UAS-*mCD8*-*GFP* was maintained in the background.

MARCM and flip-out analysis
---------------------------

P(neoFRT)19A and *nrg^14^*, P(neoFRT)19A females were crossed to *y*,*w*,*tubGAL80*,*hsFlp*,*FRT^19A^;* UAS*-mCD8-GFP;;*Gal4*-Ok107* males. Embryos were collected for 4 h, and heat shocks were applied in a water bath at 37--38.5°C for 40--60 min at different developmental time points to generate either single neuron clones or NB clones containing different subtypes of MB neurons.

To perform flip-out experiments, *tub*-FRT\>Gal80\>FRT was combined with hsFlp^86^ and *201Y*-Gal4\>UAS-*mCD8*-*GFP*. Heat shocks were applied at different pupal stages for 50--60 min in a water bath at 38°C.

Immunohistochemistry and microscopy
-----------------------------------

0--9-d-old adult male flies (females for MARCM analysis) were incubated in fixative for 3 h at 4°C (4% PFA, 0.2% Triton X-100), then washed three times for 30 min in PBST (0.2% Triton X-100) at RT before brain dissection. Brains of wandering third instar larvae were removed, fixed in 3.7% formaldehyde for 30 min, and subsequently washed in PBST (2% Triton X-100) four times for 20 min. Brains were incubated in primary antibody solution for 2--5 d and for 1--2 d in secondary antibody solution either at RT or 4°C. Antibodies were diluted in PBST (0.2% Triton X-100 for adult brains, 2% Triton X-100 for larval brains) and washed for three times for 30 min. The following antibodies were used in this study: rabbit anti-GFP (A6455, 1:1,000; Life Technologies), rabbit anti-Dlg (1:30,000; [@bib50]), rat anti-CD8a (MCD0800, 1:500; Life Technologies), mouse 1D4 (anti-FasII; 1:200), mouse anti-TRIO (9.4A, 1:200; Developmental Studies Hybridoma Bank), and Alexa Fluor 488--, 568--, and 647--coupled secondary antibodies (1:1,000; Life Technologies). Brains were mounted in Vectashield (Vector Laboratories). Images were captured using a laser scanning confocal microscope (LSM 700; Carl Zeiss; EC Plan-Neofluar 40×/1.3 NA oil M27 objective lens) or a laser scanning confocal microscope (TSC SPE; Leica; HCX Plan-Apochromat 20×/0.7 NA IMM CORR CS and HCX Plan-Apochromat 40×/1.25--0.75 NA oil CS objective lenses). Images were acquired at RT using Zen Black 2012 (Carl Zeiss) and LAS acquisition software (Leica) and processed using Imaris (Bitplane) and Photoshop software (Adobe).

Quantification of phenotypes
----------------------------

In adults, αβ axon phenotypes were quantified using FasII/Dlg staining or *c739*-Gal4-driven membrane-tethered GFP. Brain hemispheres were scored as "ball-like" when pedunculus projections were minimal or nonexistent and the majority of axons accumulated in the posterior brain. Brain hemispheres were scored as "lobes missing" when αβ lobes were absent or only minor projections were present. α'β' axon phenotypes were assessed using Trio staining or membrane-tethered GFP driven by α'β'-specific Gal4 driver lines. "Ball-like" quantifications indicate aberrant projections below the calyx and "lobes missing" indicates the absence of α' lobes. During the analysis of *nrg^14^;* P\[*nrg_ΔFERM*\] mutants, we observed significant rates of nondisjunction, and X/0 animals were discarded based on eye color differences at adult hatching. Larval MBs were scored as "ball-like" based on aberrant axonal accumulations in the posterior brain marked by *c739*-Gal4--driven mCD8-GFP. Thinner γ lobes marked by *NP0021*-Gal4\>mCD8-GFP in the anterior brain were scored as "lobe defects." *n* indicates the number of analyzed MBs. The two brain hemispheres were independently quantified. The following genotypes were used as controls: *w^1118^* ([Fig. 1](#fig1){ref-type="fig"} and [Fig. 7, A and E](#fig7){ref-type="fig"}), P(neoFRT)19A ([Fig. 2](#fig2){ref-type="fig"}, [Fig. 7 F](#fig7){ref-type="fig"}, and [Fig. 5 D](#fig5){ref-type="fig"}), and *nrg^14^;* P\[*nrg_wt*\] ([Fig. 7 A′](#fig7){ref-type="fig"}, Fig. S1, and as indicated).

Generation of *nrg* constructs
------------------------------

Generation of the pUASt-*nrg^S213^-EGFP*, pUASt-*nrg180-mCherry*, and *nrg*\_*ΔFERM* P\[acman\] constructs was performed according to [@bib17]. In brief, the full-length *nrg^180^* ORF was amplified and cloned into the pENTRY vector via TOPO cloning (Life Technologies). Point mutations were introduced into pENTRY clones using the QuikChange II site-directed mutagenesis kit (Agilent Technologies). Final constructs were shuffled into tagged pUASt vectors ([@bib17]) using Gateway technology (Life Technologies). To generate the *nrg_ΔFERM* constructs, the wild-type *nrg* P\[acman\] construct was modified using *galK*-mediated recombineering as described previously ([@bib17]). aa 1156--1166 of the open reading frame of Nrg180 were first replaced with a *galK* encoding construct. Using negative selection, the galK cassette was exchanged using a template lacking aa 1156--1166 resulting in*nrg_ΔFERM*. All steps were performed according to the protocol provided by the NCI Frederick National Laboratory (<http://ncifrederick.cancer.gov/research/brb/recombineeringInformation.aspx>). All cloning steps were verified by sequencing. All constructs were inserted into the attP40 landing site using site-specific integration via the phi-C31 system ([@bib5]). All primers used in this study are listed in [Table 1](#tbl1){ref-type="table"}.

###### 

Primers used in this study

  Primers                     Forward                                                                                                      Reverse
  --------------------------- ------------------------------------------------------------------------------------------------------------ ------------------------------------------------------------------------------------------------------------
  P\[acman\] FERM-GalK        5′-TCATCCTCTTCATCATCATCTGCATTATCCGACGCAATCGGGGCGGAAAGCCTGTTGACAATTAATCATCGGCA-3′                             5′-TCTTCGGGATAATCCCGCCGGCCGTTGGCCAGCTCCCGATCGTGGACATCTCAGCACTGTCCTGCTCCTT-3′
  P\[acman\] ΔFERM            5′-TGGCCCTGGCCTTCATCATCATCCTCTTCATCATCATCTGCATTATCCGACGGGAGCTGGCCAACGGCCGGCGGGATTATCCCGAAGAGGGCGGATTCCA-3′   5′-TGGAATCCGCCCTCTTCGGGATAATCCCGCCGGCCGTTGGCCAGCTCCCGTCGGATAATGCAGATGATGATGAAGAGGATGATGATGAAGGCCAGGGCCA-3′
  pUAST-Nrg^S213L^            5′-CCGATTTCTACTATGCCTGCTTGGCCACCTCGGTGTTTCGCAG-3′                                                            5′-CTGCGAAACACCGAGGTGGCCAAGCAGGCATAGTAGAAATCGG-3′
  **Check and seq primers**                                                                                                                
  P\[acman\] ΔFERM check      5′-TCCATGTACAGGATCAAGG-3′                                                                                    5′-ACTCTAACCTGTATCGCCATC-3′
  P\[acman\] ΔFERM seq        5′-CTTTAACACGGAGAGTGCCAC-3′                                                                                  5′-GATTTTGGGACTTACGGTTGC-3′

Cell culture, transfection, and cell aggregation assay
------------------------------------------------------

Schneider's line 2 (S2) cells were maintained in complete Schneider's medium at 25°C with air as the gas phase. Cells were transfected using X-tremeGENE HP DNA Transfection Reagent (Roche). Expression of transfected constructs was allowed for 3 d. Differently transfected cell populations were mixed in 2 ml Cryo tubes (Eppendorf) and incubated on a nutator for 2 h to allow for cell aggregation. For imaging, cells were pipetted onto microscope slides and images were captured using a laser scanning confocal microscope (TSC-SPE; Leica). For quantification, six images were captured at fixed positions and quantified manually using ImageJ software.

Western blot analysis
---------------------

Larval brains from wandering third instar larvae were dissected and transferred into 2× sample buffer (Life Technologies). NuPage gels (Invitrogen) were loaded with five brains per lane. Western blotting was performed according to [@bib17]. In brief, membranes were incubated overnight at 4°C with the following primary antibodies: mouse anti-Nrg^3C1^, which recognizes extracellular domains of Nrg^180^ and Nrg^167^ (1:500; a gift from M. Hortsch, University of Michigan, Ann Arbor, MI; [@bib33]); mouse anti-Nrg^180^ (BP104; 1:200; [@bib33]); and mouse anti--β-tubulin (E7; 1:50; both from the Developmental Studies Hybridoma Bank) followed by a 2-h incubation at room temperature with secondary HRP-conjugated goat anti--mouse and goat anti--rabbit at 1:10,000 (Jackson ImmunoResearch Laboratories, Inc.).

Online supplemental material
----------------------------

Fig. S1 compares the wild-type MB architecture to the phenotype of *nrg^849^* and *nrg^14^;* P\[*nrg^180^\_ΔC*\] mutants at the end of larval development. Fig. S2 shows the axon midline crossing phenotype of αβ core neurons in *nrg^14^;* P\[*nrg^180^\_YF*\] mutant animals. Fig. S3 demonstrates the cell adhesive functions of wild-type and mutant Nrg protein using an S2 cell aggregation assay. Fig. S4 summarizes the cell type--specific requirements of the different Nrg domains. Online supplemental material is available at <http://www.jcb.org/cgi/content/full/jcb.201407131/DC1>.
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